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INTRODUCTION: 49 Ionotropic Receptors (IRs) are a large subfamily of ionotropic glutamate 50 receptors (iGluRs) that evolved in the last common protostome ancestor (Benton et al., 51 2009; Croset et al., 2010; Rytz et al., 2013) . In contrast to the critical role of iGluRs in 52 synaptic communication, IRs have diverse roles in chemosensory detection (Koh et al., 53 2014; Rytz et al., 2013) . The best-defined functions of IRs are in olfaction, where they 54 mediate odor-evoked sensory neuron responses to diverse chemicals, including many 55 acids and amines (Rytz et al., 2013; Silbering et al., 2011) . Most IRs are thought to form 56 heteromeric ligand-gated ion channels, in which broadly expressed co-receptor subunits 57 (e.g., IR8a, IR25a and IR76b) combine with more selectively expressed IR subunits that 58 confer stimulus specificity (Abuin et al., 2011; Rytz et al., 2013) . Many of these IRs are 59 deeply conserved in insects, indicating that they define sensory pathways common to a 60 wide range of species (Croset et al., 2010; Rytz et al., 2013) . 61 Although most conserved IRs have been assigned chemosensory roles, we 62 recently reported that one of these receptors, IR21a, mediates cool sensing (together 63 with IR25a), in a population of neurons in the Drosophila melanogaster larva, the dorsal 64 organ cool cells (DOCCs) (Ni et al., 2016) . This finding raised the possibility that other 65 IRs serve non-chemosensory functions. In this work we characterize one of the most 66 deeply conserved "orphan" receptors, IR93a, which has orthologous genes across 67 arthropods (Corey et al., 2013; Groh-Lunow et al., 2014; Rytz et al., 2013) . RNA 68 expression analysis in several insects and crustaceans indicate that this receptor gene 69 is transcribed in peripheral sensory organs (Benton et al., 2009; Corey et al., 2013; 70 Groh- Lunow et al., 2014; Rytz et al., 2013) , but its role(s) are unknown. Using 71 5 Drosophila as a model, we find that IR93a acts in combination with distinct sets of IRs in 72 different populations of neurons to mediate physiological and behavioral responses to 73 both thermosensory and hygrosensory cues. 74 
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RESULTS
76
IR93a is expressed in larval thermosensory neurons and is essential for cool 77 avoidance 78 To investigate the expression and function of IR93a, we generated antibodies against a 79 C-terminal peptide sequence of this receptor, and obtained two Ir93a mutant alleles: 80 Ir93a MI05555 , which contains a transposon insertion in the fifth coding exon, and Ir93a 122 , 81 which we generated using CRISPR/Cas9 to delete 22 bases within sequences encoding 82 the first transmembrane domain (Figure 1a ). 83 In larvae, IR93a protein is expressed in several neurons in the dorsal organ 84 ganglion, one of the main sensory organs in the larval head (Stocker, 1994) (Figure 1b -85 c). These neurons encompass the DOCCs (labeled by an Ir21a promoter-Gal4-driven 86 GFP reporter), and the protein localizes prominently to the dendritic bulb at the tip of the 87 sensory processes of these cells ( Figure 1c ). All expression was absent in Ir93a 88 mutants, confirming antiserum specificity (Figure 1c ). 89 These observations indicated that IR93a might function in cool sensing. Indeed, 90 when larval thermotaxis was assessed on a thermal gradient (Klein et al., 2015) , we 91 found both Ir93a mutant alleles exhibit strong defects in cool avoidance (Figure 1d ). To provide a more direct readout of thermotransduction in these neurons than 109 soma calcium measurements, we tested the requirement for IR93a, IR21a and IR25a in IR93a is co-expressed with IR25a and IR40a in the antennal sacculus 118 In adults, Ir93a transcripts were previously weakly detected in a set of neurons in the 119 third antennal segment surrounding the sacculus, a three-chambered pouch whose . 163 We observed that these sacculus neurons behave as dry-activated 164 hygrosensors: decreasing the RH from ~90% to ~7% RH elicited an increase in 165 GCaMP6m fluorescence, while increasing RH from ~7% to ~90% elicited a decrease 166 (Figure 5c-g). Calcium changes were most apparent in the "arm" (Figure 5c ). 167 Importantly, these physiological responses are IR-dependent: mutations in either Ir93a 168 or Ir40a eliminated the dry response (Ir25a mutants were not tested), and these defects 169 were restored with corresponding cDNA rescue transgenes (Figure 5d -g). These data 170 corroborate the requirement for IRs in behavioral preference for lower humidity. In addition to the roles of IR93a in cool and dry sensing, it is very likely that this 208 receptor defines additional sensory pathways. Our expression analysis has identified 209 IR93a-positive cells that do not express IR21a or IR40a, such as non-DOCCs in the 210 larval dorsal organ (Figure 1c) . Moreover, the milder hygrosensory behavior phenotype 211 of our protein null Ir40a mutants compared to Ir93a (or Ir25a) mutants hints that IR93a 212 may have broader roles in this sensory modality than acting exclusively with IR40a. 213 Finally, we suspect that the populations of IR93a-expressing neurons characterized in 214 this study are themselves functionally heterogeneous. For example, IR40a/IR93a-215 expressing sacculus neurons appear to belong to two morphologically and 216 physiologically distinct subpopulations: "arm" neurons respond preferentially to low 217 humidity, while "column" neurons display preferential response to chemical stimuli 218 (Silbering et al., 2016) . The molecular and/or cellular basis for this heterogeneity is not 219 yet known, but is reminiscent of the distinct subpopulations of IR64a-expressing 220 neurons in sacculus chamber III (Ai et al., 2013; Ai et al., 2010) . 221 A key future challenge will be to determine the mechanism by which IRs sense 222 thermal and humidity cues. As IR21a and IR40a may be specificity determinants, it will (Figure 4 supplement 1a) and Ir93a 122 (Figure 1a Prior to the start of each experiment, 4 wells on one side of the culture dish were 279 filled with purified water, while the opposite 4 were filled with ~4 ml water and sufficient 280 ammonium nitrate to obtain a saturated solution (~3 g). The gradient was assembled 281 with the screen and lid piece, and the whole apparatus wrapped in food service film to 282 avoid any transfer of air between the inside and outside of the device. Gradients were 283 transferred to an environmental room that maintained at constant external temperature 284 and humidity (25˚C and 70%RH). Ammonium nitrate gradients were permitted to 285 equilibrate for approximately 1 hour and were stable over many hours. For the water 286 and air only gradients, the air only side humidified over time. These gradients were 287 incubated for 25 minutes prior to use to allow the temperature to equilibrate; the 288 humidity of the dry side typically rose by ~2% RH during the 30 minute assay (values 289 shown are at the 30 minute time point). A small hole was poked through the food 290 service film covering the device to allow animals to be transferred to the gradient. This 291 hole was sealed using transparent scotch tape once the animals were inside. 292 Experiments used 1-4 day old adult flies that had been sorted under light CO2 293 anesthesia into groups of 30 (15 male and 15 female) animals 24 hours before testing, 294 and transferred to fresh tubes. Flies were allowed 30 minutes to settle on the gradient, 295 at which point a photograph was taken of their position, and the number of animals on 296 each side counted, allowing calculation of a dry preference index as follows: 297 Dry Preference= # animals on dry side -# animals on moist side total # of animals 
